We present characterization results of two silicon photomultipliers; the Hamamatsu LVR-6050-CN and the Ketek PM3325 WB. With our measurements of the bias dependence of the breakdown probability we are able to draw conclusions about the location and spatial extension of the avalanche region. For the KETEK SiPM we find that the avalanche region is located close to the surface. In the Hamamatsu SiPM the high-field region is located 0.5 µm below the surface, while the volume above is depleted almost until the surface. Furthermore, for the Hamamatsu SiPM we find that charge carriers produced by optical-crosstalk photons enter a cell below the avalanche region as opposed to an earlier device where most of the photons enter a cell from above. In the here tested Hamamatsu device the crosstalk photons probably absorb in the bulk and the generated holes diffuse into the active volume of the cell within 2 ns and initiate a breakdown. The present paper is an attempt to spur further interest in the use of the bias dependence of the breakdown probability and establish it as a standard tool not only to determine the location of the high-field region but also to determine the origin of charge carriers relative to the high-field region. With the knowledge of where the charges come from it should be possible to further improve the optical crosstalk, dark count, and afterpulsing characteristics of SiPM.
Introduction
The silicon photomultiplier (SiPM) has evolved into an established photodetector technology. They are used in high-energy physics [1, 2, 3] , astroparticle physics [4, 5] , medical imaging [6, 7] , and LIDARs [8, 9] , to only name a few areas of application. One key factor to the success of SiPMs is the continuing effort made by manufacturers to reduce nuisance parameters like dark-count rate, afterpulsing, and optical crosstalk.
Diagnostic tools are crucial in these efforts as they help to identify means that further reduce nuisance parameters, which in turn, improves the performance of SiPMs. One way to diagnose SiPMs is to measure their characteristics as function of temperature and bias, model the data, and extract physical meaningful quantities from the model parameters. We have taken that approach in earlier work [10] and we use it again here.
In this paper we emphasize the use of the bias dependence of the breakdown probability, which we already used in [10] to determine the origin of optical crosstalk in a Hamamatsu device and extend it to a discussion of the location of the avalanche region. While the approach is not
Devices used in this Study
The Hamamatsu SiPM is a prototype named LVR2-6050-CN. The device has an active area of 6 × 6 mm 2 and is composed of 50 µm sized cells. For better UV sensitivity the sensor is not covered with a protective layer. The bias voltage at room temperature to achieve a breakdown probability of 90% when illuminated with 400 nm photons is about 42 V (see later). This is less than the 56 V required for the Hamamatsu LCT5 device we tested in [10] . The breakdown voltage is 38.4 V. The lower bias can possibly be attributed to an about 30% narrower high-field region in the present device if an avalanche region with constant electric field and otherwise similar technology is assumed (1 − 56 V/42 V ∼ 0.3).
The second device is a KETEK PM3325 WB SiPM. It has an active area of 3×3 mm 2 and 25 µm cells. The chip is protected with a 400 µm thick glass window. The PM3325 does not feature trenches to suppress optical crosstalk. The bias voltage to achieve a 90% breakdown probabil-ity when illuminated with 400 nm photons is about 32 V, with a breakdown voltage of 27.5 V at room temperature.
Probing the Avalanche Structure with Photon Detection Efficiency Measurements
The photon detection efficiency (PDE) is one example where the breakdown probability plays a decisive role. Depending on the photon's absorption length and the location and extension of the high-field region, a photon is either absorbed above the high-field region (blue photons) or below it (red photons). The photon absorption results in the generation of an electron and hole, which-in case the absorption takes place in the active volume of the celldrift in opposite directions due to the electric field in the depleted volume. If the photon absorbs below the highfield region in a p-on-n structure, it is the hole that drifts into the high-field region, if the photon absorbs above the high-field region, it is the electron that drifts down into the avalanche region.
The probability to initiate a Geiger breakdown is smaller for holes than for electrons (due to the lower mobility of holes in silicon, e.g. [12] ). One would, therefore, reverse engineer the location and vertical extension of the high-field region if one could measure the probability of a subsequent breakdown as a function of where the electron/hole pair is released. Such a mapping is indeed possible with bias dependent PDE measurements as has been shown in [11] . For the Hamamatsu SiPM we measured the PDE at three wavelengths and for the KETEK device at four wavelengths. A description of the setups and procedures used for the PDE and all other measurements presented here is given in [10] .
Like in our previous measurements we find that the PDE for a given wavelength is well fit with the empirical model
where U rel = (U − U BD ) /U BD is the relative overvoltage above the breakdown voltage U BD . P DE max is called the PDE in saturation but is not necessarily the true saturation value because we cannot measure the PDE at higher bias values. The term in square brackets is the breakdown probability, which depends only on the product of the relative overvoltage and a dimensionless parameter O, which is mostly dependent on whether an electron or a hole initiates a breakdown as we explain later.
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In that context it is interesting to remark that empirically all the bias dependent physics of the breakdown is included in one single constant, or in a linear function when larger relative overvoltages than measured here are taken into account [11] . Because our data is well described with one constant we do not need to consider the linear function, which would, furthermore, not be sufficiently constrained by our data. The devices we tested cannot be operated much beyond the measured voltage range.
While the overall fit function is the same as in [11] there are two differences in its usage that are worth pointing out. Firstly, we use the relative instead of the absolute voltage. Secondly, we choose to map the physical meaningful O as the parameter instead of the absolute bias voltage at which the PDE reaches 95%. Both choices bring certain advantages.
The relative overvoltage is proportional toĒ, the average electrical field above breakdown in the avalanche region and is normalized toĒ BD , the average electrical field at breakdown.
Thus, the relative overvoltage does not depend on the width of the avalanche region w, which drops out in the above equation for devices where the width of the depleted region does not change between breakdown and operating voltage. That assumption holds true for most available SiPM including the tested devices where no or little bias dependence of the cell capacitance is measured 2 . The avalanche and breakdown characteristics of a pnjunction are governed by the ionization rates, which depend strongest on the electrical field and much less on device specifics like the doping profile and doping concentrations or temperature [13] . The electrical field and thus U rel is, therefore, a natural physical quantity to use in the parameterization of any breakdown dependent quantity. Furthermore, the normalization toĒ BD compensates for some, but admittedly, not all of the device specific dependencies. When comparing different devices, U rel is thus a much better choice than the absolute overvoltage and any differences between devices provides insight into differences in the structures. A good example, where using U rel makes a difference, is the study of the temperature dependence of an SiPM feature measured at different temperatures on the same device. By plotting such a quantity vs. U rel , the temperature dependence of the breakdown voltage is compensated for and any residual temperature dependence can be attributed to physical mechanisms, which are not related to the avalanche process. Our optical crosstalk and afterpulsing measurements we discuss later are such examples. Figure 1 shows the breakdown probability derived from the PDE measurements, i.e. the PDE divided by P DE max . The solid lines depict the best fit parameterizations of the breakdown probability, which all yield fit probabilities of 30% or better. The fitted values of O are listed in Table 1 together with the corresponding photon absorption lengths. The 589 nm light source was not available for the measurement of the Hamamatsu device. 
The value of O decreases with increasing photon wavelength for each device, which is a testimony to the fact that the breakdown probability shifts from majority electron to majority hole initiated breakdowns. Bluer photons absorb mostly above the avalanche region and it is the electron of the electron/hole pair that drifts into the avalanche region in p-on-n devices like the ones studied here. Longer wavelength photons are more likely to absorb below the avalanche region in which case it is the hole that drifts back up into the avalanche region. O thus depends on the ratio of electron to hole initiated breakdowns. It should also depend on the spatial extent of the avalanche region in depth and width but we could not explore this aspect further because we lack sufficient knowledge of the avalanche structure.
For the time being, we resort to the assumption that the dependence of O on the width of the avalanche region is small compared to the observed change with photonwavelength and can be neglected. How valid that assumption actually is needs to be shown in a future study. In fact, the avalanche regions of the two devices have fairly similar widths, which we infer from the similarities of their respective breakdown voltages, which are 26.8 V and 37.5 V at 0
• C for the KETEK and Hamamatsu SiPM, respectively.
For the Hamamatsu device O is 12 for photon absorption lengths of 0.9 µm. The KETEK SiPM yields the same number for absorption lengths of 0.4 µm. If the difference in absorption lengths is taken at face value, it follows that the avalanche region is located 0.5 µm deeper in the Hamamatsu SiPM than in the KETEK SiPM.
Two more observations are that a) in between absorption lengths 0.08 µm and 0.4 µm, O changes little in the Hamamatsu SiPM, while it changes much more in the KETEK SiPM. And b) O never reaches as high a value in the KETEK SiPM as in the Hamamatsu SiPM. We interpret both observations as evidence for a location of the avalanche region in the KETEK SiPM that is right below the surface and that already for 400 nm photons a significant fraction of photons absorb below the avalanche region. In the Hamamatsu SiPM, on the other hand, the volume in between the thin first anode implant and the avalanche region is depleted.
In that scenario it is expected that the spectral response peaks at lower wavelengths in the KETEK SiPM than in the Hamamatsu SiPM. That is indeed what we observe. Figure 2 shows the spectral response of the two devices. Below 400 nm, the higher PDE of the Hamamatsu SiPM can be explained with its thinner entrance window and, maybe, thinner first implant. The important aspect for our argument is that below 400 nm the PDE of both devices is offset by a roughly constant factor. The interpretation is that for each wavelength the same fraction of electrons and holes initiates a breakdown in both devices. Above 400 nm the picture changes. While the PDE continues to increase up to 450 nm for the Hamamatsu SiPM, it drops for the KETEK SiPM. That divergence is explained by a change from electron initiated breakdowns to hole initiated ones in the KETEK SiPM, which is due to an increasing fraction of photons that absorb below the avalanche region as the wavelength increases. In the Hamamatsu SiPM photons up to 450 nm still absorb mostly above the avalanche For the measurement, the bias voltage for each devices is chosen such that the breakdown probability for 400 nm photons is 90%. The spectral response measurement is fit to the PDE measurements denoted by the data points.
region and, therefore, breakdowns remain mostly electron initiated.
Where Optical Crosstalk Photons enter a Cell
In this section we discuss how O can be used to determine where optical crosstalk photons enter a cell. Optical crosstalk (OC) is caused by photons that are emitted in the breakdown of one cell and propagate into a neighboring cell where they initiate an additional breakdown. One distinguishes two types of OC (see e.g. [14] ) In case the photon absorbs in the active (depleted) volume of a cell, the additional breakdown happens nearly simultaneous to the first breakdown, which is why that type of OC is called prompt or direct OC. If the photon is absorbed in a nondepleted region, e.g. in the bulk, the generated charges first have to diffuse into the depleted volume before they can initiate a breakdown . The diffusion time ∆t can take several tens of nanoseconds depending on the distance d between the location of the photon absorption and the border to the active volume of the cell; ∆t ∝ √ d. But it can also be just a fraction of a nanosecond if the photon absorbs close to the border.
How well the two types of OC can be separated depends on how well two subsequent pulses can be separated in the measurement. Any prompt OC measurement is thus always a combination of true prompt OC events and delayed OC events that have a time delay, which is below the capability of the measurement setup to resolve two overlapping pulses. Two pulses can be identified as such in our setup, if they are more than two nanoseconds apart. Figure 3 shows the prompt OC of the two devices recorded at seven temperature between −75
• C and 40
• C. For the Hamamatsu device we discarded the measurement at 40
• C because the contamination from pile-up of uncorrelated dark counts was too large and could not be reliably subtracted. For all other measurements the accidental pile-up within a 2 ns time window could be subtracted by assuming that the time differences between dark counts are Poisson distributed. After the correction, all OC curves of one device fall on top of each other, as expected.
We now compare the OC of the two devices at the bias where the breakdown probability for 400 nm photons is 90%. 3 The arrow in each panel marks the corresponding relative overvoltage. The KETEK device has a fairly high optical crosstalk of ∼ 20%, which is not surprising because it does not have trenches to prevent photons from propagating into neighboring cells. The prompt OC in the Hamamatsu device, on the other hand, is only 1.5%, which is an impressive improvement compared to past developments [10] .
In [10] we showed that a valid model of the optical crosstalk vs. relative overvoltage is
where we use f = 3 · 10 −5 from [15] as the number of photons produced per charge carrier in the avalanche that can also cause OC. We note that other measurements of the photon intensity exist, e.g. [16, 17] , but those also include spectral components, which are irrelevant for OC, either because the photon absorption lengths are too long (photons do not absorb in the device) or too short (photons absorb in the same cell they are emitted from). C eff ·U rel ·U BD is the gain of the SiPM, and γ is a figure of merit that quantifies what fraction of the photons produced in a breakdown make it into a neighboring cell. The term in square brackets is the breakdown probability already discussed in the previous section.
The OC data in Figure 3 are fit with that model. For the fit we fixed the cell capacitance C eff at 84 fF and 154 fF and the breakdown voltage at 26.8 V and 37.5 V at 0
• C, for the KETEK and Hamamatsu SiPM, respectively. The capacitance and breakdown voltages had been measured as described in [10] . The breakdown voltage is found to increase by about 0.1%/
• C in both devices. The Hamamatsu OC measurements can be fit over the entire measured range with an acceptable fit probability. For the KETEK device, we had to restrict the upper end of the fit range to a relative overvoltage of 0.15, i.e. OC of less than 20%, in order for the fit to yield an acceptable fit probability. It is evident from the KETEK data points, that the OC data turn over in what seems to be a saturating behaviour. An explanation for this behaviour is that for large OC of more than 20% and the cell size of the device, the probability of more than one OC photon absorbing in the same cell cannot be neglected anymore. That effect is not included in the fit model and would result in a flattening of the curve. FBK NUV-HD 0.557±0.002 [10] . Comparing the numbers it is evident that the structure of the LVR2 device is 5.5 times better than the LCT5 device in preventing photons from crossing cells. The value for γ is 0.014, i.e. 1.4% of all photons make it into a neighboring cell where they can cause optical crosstalk. In the KETEK SiPM, between 35% and 44% of the photons cause optical crosstalk.
The second factor that determines the amount of OC is the product of breakdown voltage and cell capacitance, which is 2.25 pF·V for the KETEK and 5.78 pF·V for the Hamamatsu SiPM. It is a figure of merit that is proportional to the charge generated in an avalanche. This time it is the KETEK SiPM that outperforms the Hamamatsu device by a factor of 2.6 because of its smaller cell capacitance. However, the Hamamatsu SiPM has a two times smaller cell capacitance per cell area. We would thus expect that the product of cell capacitance and breakdown voltage for an LVR2 with 25 µm cells will be two times lower than for the KETEK device. This assumes that the cell capacitance scales linear with area, which is not necessarily the case as edge effects become important for small cell sizes.
The fit results also allow us to draw conclusions about where the crosstalk producing photons absorb relative to the avalanche region. For the previous generation of Hamamatsu SiPMs we could show that the majority of these photons absorb above the avalanche region [10] . That interpretation was confirmed by Hamamatsu, who found that these photons exit the silicon and reflect off the boundary between protective layer and ambient air back into a neighboring cell.
In the Hamamatsu SiPM studied here that contribution to prompt OC had been successfully suppressed by eliminating the protective epoxy layer. This is also what we find from the interpretation of O. The best fit value for O is about 10 ± 1 in all fits of the optical crosstalk. Comparing that value with the ones listed in Table 1 we conclude that the breakdowns induced by optical crosstalk are hole initiated. This means that the photons absorb below the high-field region in a depth of > 1 µm below the surface.
Three scenarios come to mind that can explain how optical crosstalk photons can absorb at such depths. The first scenario is that some photons manage to penetrate the trench between cells. That scenario is unlikely because photons would absorb uniformly across the cell, i.e. absorb above and below the avalanche region and, in consequence, result in values for O larger than 10 because the occurring breakdowns are electron and hole initiated. The second scenario is that some photons with long absorption lengths still bounce off the air-SiPM interface and absorb deep inside the device, i.e. mostly below the avalanche structure.
The third, and our preferred, scenario is that photons cross into a neighboring cell below the trench. Either photons absorb in the bulk and the generated holes diffuse into the active volume within the 2 ns resolving time of our setup and are misidentified as prompt OC events. Or photons absorb in the active volume below the avalanche region and cause prompt OC.
The fit result for the KETEK SiPM yields an O number of about 13 ± 0.7. Comparing that value with the O numbers in Table 1 lets us conclude that the majority of the photons absorb equally distributed across the avalanche region and thus produce an equal amount of electron and hole dominated breakdowns. That result is not surprising as the device does not have trenches in between cells, which would prevent photons to travel directly from the avalanche region where they are produced into a neighboring one.
Afterpulsing and Delayed Optical Crosstalk
If the prompt OC in the Hamamatsu device is indeed dominated by misidentified delayed OC, a reduction of the minority carrier lifetimes in the bulk or a better shielding of the active volume from carriers diffusing out of the bulk might be a viable way to reduce OC further, unless those measures are already implemented. We illustrate the potential room for improvement by discussing the delayed OC and afterpulsing characteristics of the two tested SiPMs.
Both quantities are extracted by recording time difference between SiPM pulses as explained in [10] . Afterpulsing events become dominant a few ten nanoseconds after a breakdown when the corresponding cell is recharged to 50% or more of its full capacity. Delayed OC signals dominate at shorter time differences. For the Hamamatsu LVR2 device the subjective division between the two contributions is made at 20 ns, and for the KETEK device at 10 ns. We note that our choice of separating the two contributions in the described way results in a contamination in each region with the opposite type of events, which, however, is acceptable for our purposes. Figure 4 shows the afterpulsing and Figure 5 the delayed optical crosstalk probabilities of both devices.
The KETEK device has an afterpulsing probability of less than 1%, whereas the afterpulsing of the Hamamatsu device is two to three times larger, when compared at their respective bias, which yields a 90% breakdown probability for 400 nm photons (marked by the arrow in the figures) . No significant temperature dependence is observed for both devices.
At the same overvoltages, the delayed OC changes from 0.01% at 40
• C to 1% at −75
• C for the KETEK SiPM. The temperature dependence is not that strong in the Hamamatsu SiPM, where the delayed OC is 3.5% at 20
• C and increases by a factor of 1.3 to 4.5% at −75
• C. We discard the delayed OC measurement at 40
• C for the same reason we discarded the OC measurement at the same temperature.
Below relative overvoltages of 0.15, afterpulsing and delayed OC of the KETEK device are so low that the measurement is affected by systematic effects. Only at higher overvoltages is it possible to resolve the expected temperature dependence of the delayed optical crosstalk. The dependence is due to an increase of the carrier life times with decreasing temperatures.
The much lower delayed OC of the KETEK device makes us believe that the delayed OC in the Hamamatsu device can be reduced further and, if our interpretation of the origin of the prompt OC causing photons is correct, any such measure will simultaneously reduce the prompt OC. On the other hand it can be expected that future KETEK developments with trenches will be able to achieve a similar prompt OC performance as observed in the Hamamatsu SiPM.
Discussion
We parameterized the breakdown probability with a single quantity O and used it to map the vertical structure of the avalanche region. We discussed how such a mapping can be used to learn about the origin of carriers relative to the avalanche structure.
The empirical mapping of the O values obtained in PDE measurements to the photon absorption length allowed us to determine how far below the surface the avalanche region is located. However, because we have no access to the structure of the studied devices, we cannot verify the absolute accuracy of the mapping and the dependence of O on the size of the avalanche region. To verify that assumption and for a more precise probing of the high-field structure, dedicated test structures are needed to calibrate the method. The main parameters to vary in these structures are the size of the region and its location below the surface. We hope that this paper inspires future work in that direction by groups that have access to appropriate structures.
The second application of O we demonstrated is the identification of the origin of carriers relative to the loca- tion of the avalanche region. As an example we showed that the optical-crosstalk producing charge carriers enter the high-field region from below in the Hamamatsu LVR2 SiPM, whereas in the KETEK device, the optical-crosstalk photons illuminate the avalanche region of a neighboring cell from the side. This information will help to further improve the prompt OC performance in future devices. We are not aware of another experimental method that provides the same information.
O can also be used to identify the spatial origin of charge carriers produced by delayed optical crosstalk, afterpulsing, and dark counts relative to the avalanche region. However, two requirements need to be fulfilled first. A valid model has to exist that properly describes the bias dependence of the characteristic of interest and includes the breakdown probability. And the measurement cannot be contaminated, like, for example, our delayed optical crosstalk measurement, which also includes some afterpulsing events. Unless, of course, the model takes these contaminations into account too.
In conclusion we have introduced a novel method to characterize SiPMs and other avalanche structures that operate in Geiger mode. The method helps to improve the performance of future SiPMs and it allows to gain unique insight into the functionality of SiPM.
